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DYNAMIC BREAKING TI-3TS 0? .aHFLAlTS 



I^xRTS* 



By Eeiiirich Eertel 



I . 



OBJECT OF DYITAMIC II- VE3T I Cr^-^T 1 0N3 



The static stresses of airplane parts, the magnitude 
of ^hich can "be determined with the aid of static load as- 
sumptions, are ir.ostly superposed by dynamic stresses, the 
magnitude of which has oeen "but little explored. The oo- 
ject of the present investigation is to show how the 
stren§.-th of airplane parts can cest he tested with respect 
to dynai^ic stresses with and without superposed static load- 
in^i', and to what extent the dynamic strength of the parts 
depends on their structural design. 

The dimensions of airplane parts are now "based almost 
exclusively on static calc^ilat ions . The stresses calculated 
from the adopted static loads must at no point exceed the 
permissible stress for the given material. The stress at 
the 0.2 lirrit of the material is reeVarded as the maximum 
perriissihle stress for 1.55 times the "safe load." The 
breaking stress of the material ma^' be reached under the 
"requisite breakinjfc load," and the safety factor against 
buckling of the parts under c om.p?.-es s i on may sink to 1. 

A few rules are given in the b-ailding specifications 
for the perm.issible stressing of the structural parts which 
are subjected to regTilar fluctuations in stress. In par- 
ticular, attention is called to the fact that the special 
conditions due to shaping, notching, threading, etc., and 
in wor?:£ing the material must be taken into account. This 
effect of locnl stress concentration and the working of the 
material on the dynamic strength of a finished airplane 
part was investigated by vibration tests. It was found 
that, in metal construction, the dynamic strength of fin- 
ished parts was unexpectedly snail, due to the coincidence 
of varioiTs unfavorable conditions at places where the cross 
sections of riveted members change abruptly. The dynamic 



*"Dynami3che Briichver suche mit Flugzeugbaut eilen. " S.F.M., 
August 14, pp. 465-473, and Au,:ust 28, pp. 489-502, 1931, 
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strength of airplane parts shoiild therefore "be increased ty 
suitahle strnctural design. In s t at ic- s t rength calcula- 
tions no account is tahen of local stress concentrations, 
which occur at places "of ahrupt change of cross section, 
notches, edges of holes, rivets, etc. Such neglect is cus- 
tomary and permis s ihl e in st at ic~ st rength calculations even 
for liir-,h "buildin^^s and "bridges, since the inherent proper- 
ties of the material prevent any premature "break due to lo- 
cal stresses. The material stressed "beyond the proportion- 
ality limit at points of stress concentration "becomes sof- 
ter and "begins to flow at the yield point, ther.ehy avoiding 
any further increa'se in stress which might cause rupture. 
In a structural memher stressed to the point of rupture, 
the points of local stress concentration precec'e the stress- 
es in the undistur"bed cross section only until they reach 
the yield point. There then occurs, with increasing load, 
a "better and often perfect equalization of the stresses, so 
that " the- st at ic "breaking strength of the memher is not im- 
paired "by the local stresses. Since the endurance limit of 
the materials is "below the'yield point and in general also 
"below the proportionality limit, the possi"ble stress "bal- 
ance ho longer avails in frequently recurring 1 o ads • (dynam- 
ic "Stresses) after a 1 ocal 'pas sing of the yield point. The 
material "becomes fatigued at the points of local stress 
concentration, even "under alternating loads which, in the 
undisturhed cross section, develop stresses far "bel.ow the 
endurance strength of' the material.. /.A. dynam.ic . "br-.eak then 
runs from the point of disturbance (-e.g., a ..str.essed rivet 
hole) and leads to the rupture of the whole, cross section. 

Although in airplane construction,, the wing and con- 
trol-surface flutter must "be a"bsolutely prevented- "by making- 
these structures sufficiently rigid,., and oth.er dangerous 
vihrations, generated "by the eng ine , . propell er or separa- 
tion phenomena, should "be prevented as much, as possi"ble, 
nearly all- the structural parts of . an airplane . are never- 
theless sii'bject to some form of unavoida'ble dynamic stresses. 
Here we will only mention: 

1. Alternating stresses produced .throughout the 

whole airplane "by gus t s ' and . "by taxying. .on rough 
ground, the alternations "being of low frequency, 
so that failures can occur only after long op- 
eration; 

2.. Unavoidable high-frequency vi"brations of the 
' enjT.iii.e "bed, due to t he unbalances" of the en- 
gine, as also the alternating stresses of the 
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engine "bed due to obliqueness of the air cur- 
rent with respect to the propeller, 

3. Vihration of struts exposed to the air current. 

jfo e:ract knowledge of the dynamic stresses of air- 
planes exists. Recently, however, ins t riiment s. ( op t Oi:.:r'?T:hs 
and scratch instruments) have "been developed for recording* 
dj/nan: ic stresses. 

In the construction of wooden airplanes, local dis- 
turoances of the tension, which are unfavorable for dynamic 
loads, have long been avoided. Reinforcing strips and fit- 
ti:.ir blocks ore tapered ^^.^radually . Even splices are made 
so s to prodUcce no notch effect. The attachment fittin^,s 
join the fitting blocks, which effect a substantial reduc- 
tion of the total spar stresses. The local stress concen- 
trations can be easily avoided in wood construction, since 
wood is easily shaped. The c r o s s- s ec t i onal transitions and 
connections can be fpvorably shaped, due to the large cross- 
sectional areas required jn wood, construction. Above. all, 
the glue used for coinbining wooden parts affords a iiniform 
transmission of the stresses to all parts of the connecting 
surfaces . 

In metal airplane construction, on the contrary, local 
stress concentrations in the structural parts are very hard 
to avoic. . Es].:ecially in sheet-metal construction, i.e., in 
the v.se of metal plates and tube walls 0.3 to 2 mm (0.012 
to 0.079 in.) thick, the making of gradual c r o s s- s ec t i onal 
transitions is very difficult. Thus far hardly any attempt 
has been made to overcome these dif f ic^il t ies , all the more 
since structural engineers for brid.ges and high buildings 
have become accustomed to abrupt cr o s s- s ect i onal transi- 
tions. The problem is partially solved by the use of weld- 
ing in steel construction, which a.voids the stress incre- 
ments around the rivets. It is also partially solved by 
elektron, with which relatively large cr o s s- s ec t i onal areas 
are possible and which is very easily shaped. 

Many tests have been made of the endurance strength of 
materials in the preferred state of the test bar. Even the 
effect of local disturbances of the tension through notch- 
ing was investigated with test bars, but no endurance tests 
of com.plete structural parts have yet been pu.blished. 

The results of endurance tests of the material in the 
form of test bars can be applied to the material actually 
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incorporated in the structures only V7hen the stresses in 
the structures, including the local incr ernent s , are Iriiown. 
The extraordinary effect of the great local stresses is 
shovrn hy the endurance tests of airplane parts described in 
this report, which were made with wooden spars and also 
with various metal spars. The results ohtained for wooden 
spars agree surprisingly well with the expectations, there 
being no impairment through stress concentrations. The met 
al spars, on the contrary, show very unfavorable use of the 
material. This does not signify that they are not dynami- 
cally strong enough. It is obvious, hov;ever, that the met- 
al parts exhibit a very poor ratio of dynamic strength to 
static strength. Of special interest are the results ob- 
tained. .with four spars for the same wing and the same stati 
loads in comparative tests. Of these, one was of wood, one 
of .elektron and two of high-tensile steel. 

The present report describes the methods of testing 
and evaluation and gives the results, of the first tests, in 
which complete struxtural members, particularly spars, were 
used. After the tests had shown the importance of the dy- 
namic investigation of airplane parts, systematic tests 
were instituted for the purpose of det erm^. ning the dynamic 
strength of various riveted transitional connections. 



II. GSITEIIAL FLAIT POR THE ElIDUEANCS TESTS 
1. Dynamic Tests with Complete Stru.ctural Parts 
under Superposed Static Loading 



The distribution of the loads, as assur.ed in the stat- 
ic calculation of an airplane-, As specified in the "Load 
Assumptions." This is determined, for the ring, from t..ie- 
aerodynamic forces in the different conditions of flj.iu.ht, 
which forces are accurately enough ]^:nown frOili aerodynamic 
measurements and tests. In static loading tests, these 
loads are increased in stages, first to tie safe load and 
then up to the breahij:g load. 

On tile, other hand, with dynamic loadin.;. tests of air- 
pla:ie structural components, the following qiiestions call 
for answers . 



1. How are the dynamic load.s distributed? 
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2. Eow' great a load snonld "be used for the first dy- 
namic test with a s t mctiiral component? 

3. To what superposed (tasic). static load shall the 
structural component "be' subjected? 

4. H077 can the endurance strength he determined, i.e., 
tiie load factor at which the stresses are still so small 
that the part can \rithstand any numher of load reversals. 

Q^icstions 1 to 3 are relatively easy "to answer fo-r the 
dynamic stren^^th tests of simple parts. For example, a 
Cardanic spar-'strut fitting is stressed only in the d-iroc- 
tion o.f the strut and the load is varied only between two 
limits, the distance of which from the point of z-ero load 
can he more accii.rat ely detennined in each individual case. 
As the limiting cases, one can first make a simple alter- 
nating-load test and then, in a sec-ond test, so choose the 
preliminary tension that the load will vary from zero to a 
mazinium value (the orii^inal strenj^th). 

'For the biplane -stri'ts investigated in this report, 
the problemis of the dynamic load assuuritions and load in- 
crements* are very difficult. 

5£S§L^!?^A'^l£_ali.t?JA.?.?>-__i. • ^'^^ dynamic stresses may be 
produced : 

a) by exciting the natural vibrations of the spars 
(by shocks in'taxying or by gusts), 

b) by temporary fairly high additional loads (gusts). 

The load distribution according to a) is easily obtained by 
moi".nti-:g the spar on the test stand corresponding to its 
installation on an airplane and then setting up its natural 
vibrations. The load distribution according to b) is but 
little known and, since it differs in any case from the 
load distribution a, it is difficult" f-o reproduce in the 
vibration test. T7ithin certain limits, deviations from a 
may be effected by attaching suit ably di st ribiit ed masses to 
the spar. In the previoiis experiments with whole spars, 
the natural vibration of the spar was utilized for its dy- 
namic loading* no special masses being attached. The un- 
avoidable masses of the c ovibrat ing "guides and suspension 
devices for the stat ic • superposed loading correspond ap- 
•or ozir.at ely to the masses of the interior wing ' s t rtic tur o , 
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which are also securely attached to the spar in the com- 
plete wing. 

?:^S?.Z^iIl£_aii^st i.an_2 rnaf^'nit-ude of the dynamic 

stresses of the spar due t o ■ natural vibrations is charac- 
terized hy the amplitude a at the tip of the spar. For 
the first loading- stage of the dynamic' test s with the in- 
vestigated spars, the practical amplitude a at the spar 
tip was obtained from the experiments with the first spar 
of this series. According to a preliminary test with a = 

cm (1.26 in.) and according to the alternating stresses 
measured, it was fixed for this spar at ' a = 5.9 era (2. 32 
in.), at which the maximum dynamic st res s , without consid- 
ering the stress concent rat ions , was + 12 kg/mm^ (f 17,058 
Ih./sq.in.) for a tensile strength of 120 kg/mm ^ ( 170 , 660 
lo./sq.in.) of the material. It was assumed that no "break 
could occur at alternating stresses of only 10 per cent of 
the tensile strength. The amplitude w^s to be increased 
after 2 X 10^ reversals, but rupture occurred affe? 

only 0.44 X 10"^ loar^- reversals. Hence in the Succeeding 
spars of like static strength, the amplitiide at tlie first 
loading stage was fixed at about 2.5 im" ( 0 . 98 in . ) . In the 
first loading . stage all the spars withstood 2 X 10^ load 
reversals, and the am.pl itude. was- then- increased. 

?:££i§.£i^l^£.L9.''i.?..5.^-l?-ti_2^ The- superposed or basic static 
load corresponded to the load factor nj^ = 1.25: and was 
therefore a little less favorable than in cruising flii^ht. 

t i 0 'i_4 . - If the fatigue test of a sample 
bar is begun with a sufficiently small alternating load, if 
this load is gradually increased by stgiges, and if. the bar 
is subjected, in every loading stage, to the critical re- 
versal number, under a certain al t ernat ing 1 oad , up to fa- 
tigue fracture, the endurance strength of the material is 
not determined. The endurance strength of the material is 
increased by slowly increasing the alternating load. This 
method of increasing the load by stages- was nevertheless 
employed in the- dynamic spar tests, since a very great num- 
ber of spars of like design would, have been necessary for a 
determination of the actual endurance strength, and the un- 
avoidable deviations of the individual spars would have 
concealed the effect of the improvement In the endurance 
strength, of the miaterial. Moreover the alternating stresses 
experienced by . a spar in an airplane are so irregular that 
the comx:arison of these alternating stresses with the en- 
durance strength of the material is not free from objection. 
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Superposed Static Tests 



For determining the elastic characteristics of the 
spars, static tests were made 'before the dynarnic tests. 
(Cf. IV, 2, c.) The load was increased to the reqiiisite 
safe load, since the spars, even on an airplane in flight, 
are suhjected to this static stress. 

3. Dynamic Tests with Pieces'.' of Broken Spars 

In the dynamic tests the spars hroke in the vicinity 
of the steel fitting, 'where the max imuiri "bending moments oc- 
curred. an.d the c r o s s- s ec t ional transitions had a dynamically 
detrim.ental effect. Since, the hreak was limited to one 
place, loading tests could he made with the remaining 
pieces. In these tests there was no ohject ih producing a 
comhination of dynamic load and superposed static load cor-- 
responding to that on an airx-^lane in flight. These pieces 
of spar were supported at two points and suhjected to sim- 
ple alternating stresses, hy the excitation of natural' vi- 
brations. Only in one case was a superposed static load 
applied- in such a way that the stresses alternated over the 
entire length of the spar from zero to a maximum value. 



The spars (upper wing of a hraced hiplane) were mounted 
corresponding to their position in an airplane on its hack, 
(Figs. 7 and • 8 . ) The ' end fitting of the spar w^s fastened 
to a heavy iron test frame of ahout 10,000 kg (ahout 22,000 
Ih.). The "bracing cable, running, in the inverted position 
of the airplane, obliquely upward to the fuselage was re- 
placed by a pendulum support running, obi iquely downward (to 
the right in Figure 7). This rested on a rigid wooden sup- 
port anchored in the floor of the ls.boratory. The support 
of the spar was therefore very rigid. It was found that 
the more rigid the si^pport, the better the vibration test 
proceeded, i.e., without beats and without noise. Original 
attempts to use rubber pads under the support utterly* 
failed. The spar supports are also quite rigid on an air- 
plane. 



Ill . 



EXFSRIKENTAL APPARATUS 



1 . 



Mounting the Test Spar 
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Vibration t est s can yl^e 'made on an elastic stand only vritli 
the \7h0le airplane or with, symraet r ical parts. The onl^^ 
disadvanta^^e of a ri^id svpport lieG in the fact that con- 
siderable • energ-y is transmitted to the fonndation, thus 
rendering impossible the mea sr.r ement of the ener^^y absorbed 
b^r the. spar itself in the different sta/;;,:er> -of the tes't. 
The spar was ^'r^^ided by hini?:ed parallelograms (f-igs. 16 "and. 
33), so that it conld. not- tip, buckle or vibrate sidewine. 

. . 2. The Unbalance- ■ ' 

• .The natural vibrations of the spar were generated oj 
means of a r evol v ing unbalanc ed weight' or "unbalance." Tlie 
double unbalance, which was clamped to the spar, is shown 
in Fi;ure 1*. The housing consisted of the ground plate G 
the side walls W and a cover. This housing contained the 
driving gear Z and the two unbalance gears and • 

The wheel Z was- driven by the flexible shaft B through 
the coupling .K, In otder to free the latter from bending 
moments, the support- S was rigidly attached to the hous- 
ing. T?ie wheel Z engaged • The wheel U^^ was 
driven . either by U ^. or by Z, according to the position 
of ..the adjustable bearing L ^. The bearing was fixed. 
To the unbalance wheels and were attached lead 
masses and I/I ^, which made the wheel unbalanced. The 
protecting net around the unbalance is not shown in the 
phot ograph. 

In the spar tests the wheel driven by 

(counters-rotation). The masses and were symmetri- 

cally arranged. In the test, therefore, only the vertical 
forces acted periodically on the spar. These double un- 
balances were too heavy and too broad for two spars, so 
that the single unbalance shown in Figure 8- was used', the 
all- sided excitation of v.^hich, did no harm wiien suitably 
applied near the end support. The unbalance was driven, 
through a flexible shaft, by an adjustable dir ect- cur rent 
motor or by an al t ernat ing- cr-r r ent motor with an interme- 
diate adjustable friction wheel.." The characteristics of 
the various driving mechanisms are described in Section V. 



* For the varioiis uses of doTible unbalances, see Sp&ht, 
V.D.I. , 1930. Double unbalances are also used in the D.V.L 
for investigating the vibration characteristics of whole 
airplanes. 
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'Flf^nve 9 shows a piece of spar as a "beam on two sup- 
ports and a pendulum support with tmoarance near it. The 
lead masses screwed to. the spar r^^duae the. natural vihra- 
t ion numher . ......... 

.'^ . Test Wedges, Optog;raph., Tachometer, Tachograph, 

S cra.t ch Inst rumen t s 

a) Test wedges 

,T.he test wedges served for direct measurement of the 
vihration amxplitude. Their mode of opero.tio'n is shown in 
Fig\ire 2. The smaller the amplitude' at the measuring 
point, the smaller the wedge angle cho'sen. Figures 6 and 7 
shov/ the d-i q tr ihut ion of the twelve t est wedges along the 
spar, wherehy the v/edge angle was adapted to the amplitudes. 
With the smallest .of the wedge angles here used, amplitudes 
of only 0.1 mm (0.004 in.) could he easily read. The bend- 
ing lines ohtained with .the aid of the test wedges were very 
accurate and no troublesome calculations were found neces- 
sary. 

. . . h) Opto graph 

The time rate of the yihratidns can he accurately re- 
corded hy th^ optograph*.. Figure 3 compares the flezural 
or hending lines in vibrations, as measured "by the test 
wedges and "by the optograph. The agreement is good. 

c) Tachometer and tachograph , 

The frequency of the spar vibrating in resonance 
agreed with the revolution speed of the unbalance. The lat- 
ter vras measured by a tachometer which was connected with 
the unbalance by a s t r ing. dr ive . (Fig. 7.) The number of 
load reversals could be read on a 1:20 counting mechanism 
which was applied to the motor. In a f ew tests the revolu- 
.tion speed was recorded by a D.V.L. tachograph. (Fig. 30.) 

d) Scratch instrument 

The alternating stresses were measured in a few in- 



*Hans G-eorg Klls sner, "Optis ch-pho t ograph i s che F ormSnderung s- 
messungen." D.V.L. Report 1'94', Z-.F.K.-, Vol. 21 (1930) pp. 
433-440 and D.V.L. Yea rbo ok r931 , ' pp . 227-234. For trans- 
lation see ?[.A.C.A., T.H. No. 610. ' • 
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s t anc e.s.. wit h the- aid. of.- scratch .in-s t riTment s , for- the checli- 
iiii^'- of^ the. s.tres.-S-es calculated from the me^.siire^. vibration 
hendir.g l.in.es.. ^(Cf. IV, 2 a and o.) 

4. Superposed Static Load • . 

a) Elastic suspension 

In the superposed static loading of the spars in the 
vihration test, the V7ei,;^hts were suspended on soft ruhoer 
shock~a Dsorpt ion cords. (Fi.{;s. 5a and 7.) A hardwood 
"block provided with small guide strips was placed on the ' 
spar, Throuri,'h this "block passed a screw holt -vrith a nut on 
each end which clamped the cord against the "block. The ru'b 
her corcl carried a pulley, through which passed the pin of 
a clevis, which, in turn, carried the weight. The pulley 
was essential, because the two parts of the c ord . s t r et ched 
differently durin{^' the test. - Previous methods of suspen- 
sion led to early breaks in the cord. (Figs. 2 and 38.) 

The best shock-absorbing system was determined from 
static and dynamic tests. For heavy loads, fabric- cover ed 
rubber cords of 17 mm (0.67 in.) diameter are now used. 
The number of cords. should be such that each cord will car- 
ry a load of 50 to 60 kg (.110 to 132 lb.). For this diam- 
eter of the cord, the bast results were obtained -7ith a. 
preliminary load of 65 kg (143 lb.). The 1 oad- el onga t i on 
diagram (fig. 4) shows that, with a new rubber cord, the 
elongation was the greatest for preliminary static loads of 
50 to 65 kg. The rubber cord was somewhat less elastic aft 
er a long vibration test, as shown b^^ the dash line in Fig- 
ure -4. It should be as Long as possible. The tests showed 
that a length of 60 cm (about 2 ft.), as measured in tne 
u?as t ret ch ed condit n on, .was adequate. The preliminarily 
loaded cord then had a length of I = about" 85 cm (33.5'in.) 
•The elastic constant for -the new cord, stretched with a.pre- 
li^-iin^ry load of 65 kg (143 lb.); then became c ^-^ 1.2 
kg cm and increased in the endurfiince .test with several 
million load reversals to c - about 1.7 kg cm""-^. This 
elastic constant remained pract ical.ly unchanged for a trav- 
el of + 6 cm (2.36 in.). Greater travels did not occur in 
the vibration tests. For light loads, f abr i c- c ov er ed rub- 
ber cords of 5 mm (0.2 in.) were used, -t'he number' of parts' 
being such that .each i3.ar.t carried a load of about- 4 kg 
(.8.8 lb.) . . \ • . 
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"b) The motions of the preliminary loads 

. Let "the suspension point K of the mass M (7igs. 
5a and Sh) undergo a harmonic vihration of the rapidity 
i;(s~^). Let the distance of the suspension point from the 
zero point at the instant t "be d sin i; t . Let s denote 
the deflection of the mass M at the instant t. Let the 
effective elast ic const ant he c(kg cm"" ^) . Then the vibra- 
tion equation for the elastically suspended mass M, disre- 
garding the reaction on the vihration of the suspension 
point, the damping and the masses of the suspension cords, 
is 

_ s 

M - c[d sin (i;t) - s] 0 

dt^ 

The general solution of this differential equation reads 
s = A sinP't + B cos i^'t + r sin^t 

Two differentiations of s and introduction into the dif- 
ferential equation yield the coefficients 



and r = — ^ 



1 - - i;^ 
c 



If the observation is begun at the instant when both H 
and M are at rest, then, with s 0 for t = 0, B = 0 
and c ons equent ly 



A sin -i/- 
'/ M 



t + ~ sin ut 

1 - f u^ 



Accordingly two vibrations may be superposed whose rapid- 
ities = 1/^ (natural vibration of the elastically sutd- 
1/ M 

ported mass) and u -are widely separated-. Their ratio is' 
approximately 

^- = =.20 

U ' 



1' 



65 
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The coef f iciei'-.t A of the first slow. vilDration is deter- 
mined as -follows for t'ne endurance v ibra t i on . t e s t , in which 
a definite periodic state of y i orat ion. mus t develop. It is 
assumed that the vihration i;^ is completely daniped out at 
t = 0.- For this time we then have 

= Av< + — i-'i-— = V = 

c c 

and hence A = 0. The vihration of the mass U. in the en- 
dui'o.nce test is then . - .' • 

s sin i; t 

■ 1 - M ^2 
c 

and half the amplitude is 

& 

^max ^ 

. M 2 
1 - - i; 
c 

For the elastic constants chosen in the tests 



— - — ^ 0.039 (s^) 

1.7 X 981 ^ ^ 



c 

and the ra-oidity occur rin^i; in the tests 



V 



100 (s^^) 



we obtain 



^raax „ 1 _ _l_ 

^ u 3 90 

c 



For a very great vihration aniplitiTde of d = ahout 4 cm 
(l.57 in.), the deflection of the mass is. therefore only 
^max ~ 0,01 cm (0,004 in.)* In the tests therefore no mo- 
tions of the superposed static loads could "be estahl isned. 
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c) The additional, dynamic stresses due to the 

superposed load 

As already shown and confirmed "by tests, the motions 
of the masses of the superposed static load were net^ligihly 
small. The dynamic additional loads of the superposed 
static load were affected only hy the deflections of the 
point of suspension and "by the elastic constant and v/ere 
therefore easily calculated. The additional loads could he 
reduced in proportion as the elastic cord was softer (and 
therefore longer). Despite the fact that the length of the 
cord, 85 cm (33.5 in.) for the spar tests in the condition 
of superposed load was limited hy the height of the test 
apparatus, the additional forces in the tests were very 
small, Figure 6 compares the superposed static load and 
the additional dynamic load for the wooden spar II for an 
amplitude of 4.4 cm (1.73 in.),' d = 2.2 cm (0.866 in.). 
The inertia forces and the additional forces, however, were 
op-DOsed. In general the * addi t ional forces could "be disre- 
garded. Moreover the additional forces, due to the elastic 
suspension of the superposed load, could he eliminated hy 
additional masses, firm.ly hound to the vibrating s^ispension 
points H. As will he shown, the inertia force of a vihrat- 
ing additional mass at the reversal point of the motion was 

P = - m d u^ 

as com.pared with the additional elastic force 

The forces cancel out, when 

P + p =0 



so that 



or 
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d) Advantages of the ■freely -vibrat ing sijip erp o sed load 

If instead of sii sp ending weigjit'sj the force is ^gener- 
ated hy anchoring the cords to the floor, the ?^dditional 
dynamic forces will remain the same. 1 1 i s di f f i ciil t , how- 
ever, to' equal ize the tension at t'Vie numerous loading* 
points (11 in spar il). Every cord would requ.ire a dyna- 
mometer to verify the preliminary tension, "because the ruh- 
her cords cantlnually stretched in the endurance tests. 
The •■S'tispens i on - of a constant siiperrosed load on a ruhter 
cord is' therefore simpl er and more accurate than anchoring 
•the cord -to the floor. 



5.' Excitation of Natural A'ihrations 

"by a Revolving' Un^"Balance 

a) The 16,000 kg (:55,274 Ih.) test apparatus 

Figure 10 shows an endurance-test device, which was 
developed from the device for testing spars. Eerethe 
st.ructural part to be tested did not vibrate of itself, but 
was periodically stressed by a loadin,^' lever L- oscilla- 
ting in its natural-"v ibra t ion number. This lever, consist- 
ing of two channel irons, was so inor.nted statically determi- 
nate on two vertical supports -A and 3, that there was a 
long overhang (toward the right in the picture) of 90 per 
cent of the whole length. A double .unbalance. G- was se- 
curely bolted to the free end of the overhang. This un- 
balance v;as driven by a d irect- cur rent motor through a flex- 
ible shaft K. Moreover, for the test in question, a super- 
posed static load E was s^ispended by rubber cords from the 
overhanging end. The lever D was secured against lateral 
tipping, turning and oscillating by two hinged parallelo- 
grams E which are only part iaily . v i s ibl e in the picture. 
The horizontal rod C held the whole apparatus in -nlace 
longitudinally. The single vertical bearing A (at the 
left in the picture) was provided with a round steel rod as 
a pendulu.m support. (Eig. 11.)- -This rod was supported be- 
tween transverse knif e-edge bear in^'s , roller bearings hav- 
ing proved unsatisfactory. The test rod was made so long 
that elongation measurements could be made on it with 
scratch instruments of 20 cm (7,87 in.) gage length. In 
the test, due to the superposed static load, it was always 
stressed in compression. In theoriginal form, the device 
was provided with a tension member at the bearing A. Ea- 
tigue breaks often occurred at the Junction of the tension 
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rod. The part to "be tested (in this case a connecting rod) 
was mounted on the oearint^: 3. The c o nn ect in.:% rod formed a 
pendiilurn support hetueen centro.l knife-edge bearings. The 
su-oports A and B were firml^'- anchored to the "base L 
over a heavy iron rail. 

The lever D was not: set in vibration oj the revolv- 
ing unbalance, wherebv the bearing force at E was r.tili-ed 
for the loading test of the connecting rod. The amplitude 
line of the lever D was determined b^ the measuring 
wedge. In the experiment shown in Figure 10, the load al- 
ternated between 0 and 16,000 kg (35,274 lb.) with a fre- 
quency of 560 times per m.inute. At tnis stage the c-evice 
had withstood about lo'^ load reversals. Its vibration num- 
ber could be changed somewhat by additional weights 7 on 
the overhanging end. 

Figure 12 shows the endurance- 1 est apparatiis for 3,000 
kg (17,537 lb.) load. In this case the structural part to 
be tested was mounted at the bearing A. Figure 13 shows 
further details. With a suitable form of the mountings A 
and E and the use of various superposed static loads, al- 
ternating loads with any desired zero point cou.ld be ap- 
plied to the 16,000 kg (35,274 lb.) ap -va rat \is . The results 
obtained v;ith this apparatus are given imder IV, 2, b. 

b) The vibrating mechanisi'a 

The application of the vibrating mechanism is shown in 
Figure 14. A spherically-headed bolt was firnily clamped in 
its spherical socket K by tighteni:.g the screw cap. In 
t ra:.':.sver G e vibrations of the strut Joined to this bolt, al- 
ternating bending moments develop in the shsft of the bolt, 
which, with sufficient amplitude, necessarily cause fatigiie 
breaks. The durability of the bolt raider this stress had 
to be determined by experiment. The fitting A was screwed, 
with the bolt, to the wooden beam E, which was provided 
with an unbalance e. A substitute iron rod D, instead 
of the strut, was screwed on the thread of the bolt. The 
unbalance was driven by ^he d ir ect- cur rent m^otor S through 
a flexible shaft, and its revolution speed was so adjusted 
that it was in resonance with the natural vibration number 
of the rod D. The vibration bendii..g line of the rod D 
was determined with measuring wedges. The alternating 
fixed-end moments can be very accurately calculated from 
tne bending line, the rod nasties and the frequency. Figure 
14 also shows the superposed load, applied through a rubber 
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cord, which exerted a f ixed- end moment , so that, in the vi- 
"bration test, the mor.ent alternated "between zero and a max- 
imum moment. The static moment mi.'3:ht , of course, he ap- 
plied in another direction and magnitude, 

Figure 15 shows the results of the tests with spher- 
ical-headed holts. The left-hand hreafe (a) occurred on an 
airplane," Almost the entire cross section shows the rela- 
tively smooth fatigue hreak, while only a narrov strip 
thr o"u{-;h the middl e has the rough appearance of the static 
'hrealc. The nliddle specimen (h) shows a hreali produced in 
the vihration test without superposed loading, i.e., with a 
fixed-end moment, which alternated "between equal maximum 
positive and negative values. This specimen also shows the 
symmetrical fatigue hreak and the sta!tic final trealr in the 
form of a narrow strip through the middle. The last speci- 
men (c). shows' a hreak produced in the vihration test for 
the original s'trength with superposed static load. The fi- 
nal static hreak "did not pass through. tlie center, hut along 
a chord far 'to one side. Breal':s a to c indicate that 
the holt ' on ■ t he a irrlan e was hroken hy simple strut vihra- 
tionn without Superposed static stresses. 



• IV. INTSRFRETATION OF THE RESULTS 
1. Calculation of the Dynamic Stresses Resulting 
from the Inertia Forces of the Spar 



The inertia force P^^ of a vihratinr spar, section at 



the point X with the mass m^^ is . 

in vrhich the acceleration is hy_ (m/s , f or the calcula-. 
tion of which the following vali:es sorve: 

\) = rapidity = H per second, where o) is the 

50 

measi'.red numher of vihrations per - minute; ■ ■ 

a^ = m/aximum value of measured amplitude at the point 
X in me'ters. (Total amplitude a^ ~ sum of deflections in 
ho th directions.) 
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The distance (s)-time (t) eqi;:ation of the vihrating 



masses m^ reads 



= ~ s in D t 



The velocity is then 

ds 

x Tt 



= "jT = ^-^ cos 1; t 



and the acceleration 



- ~ s in P t 



The maxim-um acceleration occ-ars at the reversal point of 
the m.otion, where 

a^ 

V =---i;cosi;t = 0 



and hence, with 



we have 



cos 1; t = 0 and 
s in V t ~ 1 , 



max " " 



The maximuin inertia force is therefore 

2 a 

F - m„ 1; 
X ^2 



or 

p ^ 0.00548 a^ m.^ 0)^ 

X X 



In all these vihration tests, the mass dist ri "bnt ion, 
the amplitude line and the rapidity of the vihrating parts 
or of the vibrating load apparatus were determined and the 
dynamic loads calcixlated from them. A few examples of the 
method of determining the inertia force are given in Figures 
18, 20, 24, 25, 32, 34 and 35. The dynamic "bearing forces, 
"bending moments, tensile forces and stresses were calculated 
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from the inertia, forces "by well-hnown methods. 

Of course the masses of the parallel f-uides and of the 
unbalance had to "be considered" in cotinection with the mass 
distr ihut ion . Because of its great mass, it was advisahle 
to install the unbalance near a support. The dpuole unbal- 
ance weighed about 20 kg (44 lb.)- This also had the ad- 
vantage that the additional stresses froia the centrifugal 
forces of the revolving unbalances v/ere small (chiefly neQ^ 
ligible). The centrifugal forces of the unb'jlc?nce in the 
16,000 y:g test apparatus had to be taken- into consideration, 
however, since they were exerted at the end of the long 
overhang, ing arm. - • . 

2. The Checks of the Dynamic Stress 

( Inert ia-Porce) Calculation 

The above method is doubtless .all rigut, but a che'-.k 
is often desired, especially when the mass distribution is 
less accurately known. The varioas checks, which have thus 
far been used in the tests, will now be briefly described, 

a) Direct stress measurements with scratch instruments 

The mounting of the steel spar I for static loadin;;-; is 
shov/n in Figure 16. It was only slightly modified for t,he 
dynamic tests, as shown in Fi.-i^ure 17. Scratch instruments 
were mounted on both flanges ...of the oye.^- ha ng ing arm at 50 cm 
(19.7 in.) from the supporting strut.' These instruments re- 
corded the elongation and the stresses durin:?; the vibration 
test. The ten so meter could be used only in ti^e vicinity of 
the support, v/here the vibration amplitude of the spar was 
small. Farther from the support- the vibration amplitudes 
and consequently the accelerations of the instrument masses 
were greater, thus requiring excessively high clamping 
forces for the instrument. Figure 18b shows the course of 
the accelerations throughout the length of the spar. In the 
turning point of the motion at the tip of the spar, the ac- 
celeration was about 23 times the acceleration du.e to grav- 
ity and was proportional to the am.plitudes throughout the 
length of the spar. The maximu.m ac eel era.t i on at the fixa- 
tion points of the scratch in-s t rurnent s was -S.-og. Figure 19 
shows the record of. a te^t.. It shows- the 1.2 5:^^*01^1 ^^'agn if i- 
cation of the alt erna-t ing- eLongat. ions of the lower fla-.ige 
for an amplitude of 36 mm. ( 1» . 42 in.) at. thq tip. of the .spar. 
On the assumption of a Young ^ s modulu.s of . -S = 2.2 X 10^ 
kg/cm^, the alternating stress O ^ = + 410 kg/cm^ (+ 5,832 
Ib./sq.in.). When reduced to the maximum amplitude s^-^^ax 
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4,44 cm (1.75 in.) investigated, in Fit^::nro 18, the experi- 
mental alternating;;:; stress "becomes C7v7V 1. 505 >:g/cm^ 
(+ 7.133 I'b./sq.in.) as compared with the calc\ilated altor- 
natins stress of = 530 kg/cm^ (+ 7,538 Ih./sq-in.) in 

?i{^iire 18. The 5 per cent deviation is small enou:':-h, hiit 
the ang-alar elon^^ation record with superposed secondary vi- 
iDrations in Fig'^Te 19 is less satisfactory. The disturh- 
ances are larg-ely ascrihalDle to the poor fixation and the 
relo.tively hi^;h instrument accelerations of + 5 . 5g . 

h) Scrat ch- instrument measurements of the ' 

dynamic reactions of the supports 

The reactions of the supports ohtained from the calcu- 
lated inertia forces can be claecked hy stress measurements 
on tl'.e supports. The measurements are simpler, "because the 
instruments imdergo only very smxall alternating: accelera- 
tions at the supports. The supports must, of course, he 
suitably constructed. Hence these measurements were omitted 
in the spar tests. The test of the connecting; rod was made 
with the 16,000 kg (35,274 Ih.) apparatus. (Figs. 10 and 
11.) There was perfect agreement between the directly meas- 
ured stresses and those calc^ilated from the inertia forces. 
The calculation of the latter is illustrated by Figure 20, 
This figure is especially intended to show the distribution 
of the masses and the bending line of the lever. The lever 
turned principally about the very rigid pressure bearing B, 
while the less rigid bearing A (with tensile forces in the 
supT'Orting structure) yielded more. Fifty per cent of the 
end amp-litude of the overhanging arm was due to the turning 
of tl:-.e lever, while the rest of the end amplitude was due to 
the bending of the lever itself. A few selected records are 
shov/: in Figtires 21 and 22. 

The records in Figure 21 were made for a load of the 
connecting rod of + 4,000 kg (+ 8,818 lb.) and a superposed 
stntlc load of -4,000 kg. 

The two records were made simultaneously by two scratch 
instruments (D2 and D22 ) clamped to tne opposite sides of 
the test bar. The difference in the amplitudes of 1)2 and 
D22 is due to the bendin.g stresses caused by the support 
not being exactly centered. The int erpretat ion of the dia- 
grams, which are magnified 110 tices, yielded the? results 
given in Table I. 
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Ta"ble I. Endurance Test of a Connecting Hod 



Ins-t rumen t 
D22' ■ 



Total 
amp lit tide 

mm X" ,10,*" ^ 



19.5 ! 12.2 I 15.85 



cm X .155 ~ sq.in, 
kg/cn^ X 14.3235 = 
mm X .0:3937 - in. 



Half 
ampl itiade 

mm X 10"^ 
7. 93 . 



Cr os s 



St reos 
hg/ cm^ cm 



section F 

2 



1 ,010 ; 7 .07 



Calculated P 



i Force 
P 

•kg 



7 , 127 



- 7,207 



lb./ s q. . in. 

Ir.g X 2.20462 ^ 



lb. 



The agreement of the calculated res^ilts (from the inertia 
f.orce.s) and the experimental results, is exceptionally good. 
The straight lin-es in the records are. zero lines, the posi- 
tion of which is ■ nevertheless arbitrary.. The records are 
quite regular v/ave forms. The amplitudes of the high-fre- 
quency secondary • vibrat ions are. insignificant . 

Figure 22 is a hundredfold enlargement of a record of 
a - connect ing- rod test with an alt erna t in}:,^ load of about 
+ 'e-,000. kg (+ 13, 228 lb.) and a superposed load of about 
-6,000 kg in the connecting rod. With a hundredfold en- 
largement, an 'amplitude of 1 mm (0.04 in.) corresponds to 
a force of 765 kg (l,. 683 lb.) in the test bar. In addition 
to the vibrational stres'ses the record also shows the fol- 
lowin.::; basic elongation lines. 

a) Indication of the instrument for the stationary ma- 
chine with superposed static load, 

b) Irdicafion of the instrument for the stationary ma- 
chine without superposed static load. 

In the following example the vibration record is eval- 
uat.ed and compared with the calculated- inertia forces. 

Test 

6.65 m.m half-amplitude corresponds to P^ " ± 5,100 kg 

(0 .262 in. ) - ( + 11 ,244 lb. ) 

7.70 izm static displacement corresr^onds to ~ 5,860 kg 

(0.30 3 in.) " 3.2.9 ll_.l^jj.) 

Total P - 10,960 or -730 kg 

(-24,163 lb.) (- 1,676 lb.) 
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Calculat ion 

Force in test bar from inertia forces Fj^^ = +5,479 kg 

(+12,079 lb.) 
Force in test bar from super x) o s ed static load 

P = - 5.8 50 kg 

_i-12^897__lbj^l 
Total F -11,329 o''r" -371 kg 
(-24,976 lb,) (-818 lb.) 

The vibrations are not very pronounced, so that the 
result of the evaluation is not so good as for Figure 21, 
The most important thing in Figure 22 is the experimental 
proof of the shifting of the zero line of the loading by 
the s\iperposed static load, 

c) Comparison of the measured bending line 

with the bending line calculated from: 

a) The inertia forces and the course of the experi- 
mentally obtained bending stiffnesses SJ along the bar, 

P) The inertia forces and the influence coefficients 
for the spar deflections, as determined in the static tests. 

a) If the inertia forces of the vibrating bar (from 
the vibration bending line, masses and frequency) and the 
bending stiffness EJ along the bar are known, the bending 
line can then be calculated by well-known static methods 
(graphically according to Mohr; mathematically according to 
Miiller-Breslau) . If the calculated bending line agrees well 
with the measured, it is a proof of the correctness of the 
determination of the dynamic stresses, into which errors may 
creep, e.g., through false ass^imptions of the mass distribu- 
tion. The course of the bending stiffness EJ can be cal- 
culated quite accurately for metal spars. Experimental de- 
termination is desirable, however, for wooden parts, because 
of the \inknown Young's modulus which varies along the spar. 
Figure 16 is a photograph of a static test. The deflections 
are read with the leveling instruments on the measuring 
strips, and the flange elongations are read with a Huggen- 
berg tensometer. Prom the measured bending lines we obtain 
the EJ curves by two differentiations, v/hich however yield 
relatively inaccurate results. Very accurate EJ curves 
are obtained from the elongation measurements 
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, . M (do + d,,) . 2 

• . . - m k£^/crn - 

ij 0 

wiien 

M, tne "bend ing ■ moment in kg cm in the tested cross section, 

C^^, the compression or elongation of the lower flange as 

■ ^ rr.ea siir^d at t he distance d-^^- (cm) from the. zero line, 

, the elongation or compression of the upper flange as 

• measured at the distance d^ (cm) from the zero line. 

The determination of the EJ values and the compari- 
son of the measured and - cal c\ila t ed vihration "bending line 
for the wooden spar I are shown in Figure 24. The order of 
the meas\-^r ement s is shown in Figure 23. The measured 
strains (calculated for stress with E - 146,000 kg/cm^ 
('3,07o",651 11) . / sq . in .) are compared with the purely mathe- 

•matical" values in Figiir.e 2:4"b. The SJ values calculated 
from the elongations are plotted in Figure 24c along with 

^the inertia moments J ;^ ' . 

; : E = SJexp./jcalc. = 146. ceo Ir^/cm^ 

The deviations of Young^s modulus from this mean value in 
th^ ■ individual cross sections, are apparent from the plotting 
along the spar.. 

.. . in Figu.re;24d to 24f are. plot ted the mass distr ioution 
d... for. the dynam.ic " t e^ t , the vihrat ion "bending line e and 
T.he tnerefron calculated inertia forces f for the vi"bra- 
t ion nu.m'ber co ' l,120/min. From these inertia forces and 
the experimental "bending stiffnesses -EJ, the oending line 
is again calculated according to the method of the "elastic 
weights" and com.r^ared in Figr.re 24g with the directly meas- 
ured "bending line. The calculated line shows only about 5 
per cent greater deflections. Otherwise the two lines 
agree very well. The 5 per cent d.i screpancy is attri"Dut- 
aole to the fact that the load acted" for- a long time in the 
determination of the E.J values in the static test, where- 
hy the distortions were greater than in very short loa;dings, 
as in the vi'bratrion' t est . 
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(3) The method described iinder a requires a ^'reater 
number of t ensomet er s . It also has the d i sadvant a^' e that 
the shearing:; distortions are d i s r e;:,a r ded in the recalcula- 
tion of the "bending line. Another simple method was there- 
fore adorted for the wooden spor II. Tiie "bending lines of 
the spar ^^^ere measured at 21 points under a static load of 
150 'ig (.^30 l"b.)> which was success ively appl led to 21 
cross sections of the spar. The deflection at the point i 
on the spar resulting from a unit load at the cross section 
k is designated "by 6 j_> • The influence coefficients were 
obtained from the test with a shifting single load. The 
bending line can now be c.?lculated from the inertia forces 
and influence coefficients. 

The inertia force is calculated for the wooden spar II 
in [Figure 25, while the infliaence coefficients 5 !> are 
given in Table II. (See page 35.) The vibration bending 
line, as recalculated from the inertia forces and influence 
coefficients, is compared in figure 26 with txie directly 
iTieai^iired vibration bending line. The agreement of the two 
lines is very good. Contrary to expectation, the calculated 
deflections are smaller than the measured ones. This dis- 
crepancy is apparently due to the buchling effect, which is 
not contained in the influ.ence coefficients. The method of 
chec?^:ing the calculated inertia forces by recalculating the 
vibration bending line with the aid of the infl^ience numbers 
S ^-1^ , was also used successfully for vibrating spars in the 
w i'-'i g s t ru c t u r e . 

The comparison of the calculated v;ith the measured vi- 
bration bending line of a two- spar wing in Figure 2? shows 
satisfactory agreement, so that the apr r ozimat ely calcu- 
lated mass di st r ibiat ion of the wing is sufficiently exact 
and can therefore be used with satisfactory accuracy for 
every other dynamic verification. Moreover, the agreement 
of Licasur em.ent and calculation shows that the static in- 
flu.ence coefficients 6 j_v "^^ introduced even into dy- 
na.:ic cal ciila t i ons with adequate accuracy. 

V. EXECUTICIT 0? THE TESTS 
1. Driving the Unbalance 

• The execution of ti-.e test depends very largely on the 
method of driving the -•'.nbalanc e • 
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a) Alternating-current raotor v/ith adjiastatle 

■f r ict i on dr ive ■ 

This method is well adap.ted- for determining resonance 
ciirves, iDeca-o.se -it- i & po ^"s ibl e t o adj-.ist the driving gear 
so as to maintain any - exc i t in£;" f req\iency.- If, in an end\-.r- 
ance test,- the friction drive is' so ad-jud'ted as t'.o produce 
resonance' "bet ',7e en the revolntio.n- speed of the imhalance and 
the na-tnral vibration rapidity of. the structural part, the 
test then requires no- further special attention, hecluse no 
cessat'ion of the resonance is to he feared so long as the 
'spar does' not "begin "t o hreal: and the - hearing - candit ions do 
not materially change. ' . 

h) Direct- current motor v;ith Leonard control 

By this method any d-esired revol"ition speed can he . 
easily obtained without the use of the friction drive which 
increases the difficulty of setting up t]:e: testing apparatus 

c) Adjustable' d ir e c t~ cur r en t motor- 

The adjustment is made either by the upv/ard adjustment 
of a motor of smaller revolution speed than the resonance 
rapidity by weaken ing ' the field, or by the downward adjust- 
ment bf a high-speed miotor by vJ^eahening the armature cur- 
rent.' The speed of the direct- cur rent motor depends on the 
power absorption of the structural part and on the flu.ctu.a- 
tions in the voltage. Hence an. endurance vibration test 
with direct- cur rent drive requires' close attention. By 
warming or 'by voltage fluctuations, the motor is apt to 
lose its accu-raitely adjusted resonance and begin to race. 

2. The Fhenomehon of Breaking 

The sensitiveness of the adjustable d irect- cur rent mo- 
tor is very favorable for tile execution of the test at the 
beginning of the dynamic break. Ihe change 'in the power 
absorption of the vibrating part by the dynamic break is so 
great that the incipient break is immediately evidence*-, by 
the irregular course of the ' vibrat i ons and the racing of 
the motor. If these signs of a break occur, the test is 
immediately interrupted and the break discovered in its ini- 
tial stage. Figures 28 and 3? show breaks of this charac- 
ter, Tvhich were discovered by the timely interruption of the 
tests. In a resumption of the test, the break advanced 
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about a centimeter d-'.iring alDcat ll.,00p load reversals. The 
breali was then completed in about 300 more load reversals. 
Fi^^'ure 29 shows, in the evaluation of an amplitude record 
made with an optograph, that no regular vibration could be 
obtained after a dynamic brea^i, due to the constantly chang- 
ing power absorption and stiffness of the spar. The' ampli- 
tude increases as the breah progresses, while the natural 
frequency decreases. The revolution speed dim.inishes im-- 
mediately before the complete break, due to the great en- 
ergy absorption for the work, of breaking. As soon as the 
break is completed, the engine begins to race. A section 
of the r evolut ion- speed record for the steel spar I is 
shown in Figure 30. 

3. Discovery o"f a Dynamic Brea!^ 

This is often very difficult. For metal spars with 
closed sections, the following method is recommended for 
finding the break. Before the beginning of the vibration 
test, the inside of the spar is smeared with thick dark oil, 
while the outside of the spar is kept free from oil. The 
great accelerations occurring in connection with the vibra- 
tions force the oil through even very fine cracks, so that 
it ap-oears as a dark line on the outside of the spar. Where 
rivets are used, this method will show whether they are 
tight, because loose rivets would let the oil through. 



VI. TF.ST RESULTS 

1. Steel Spar I (welded) 

This spar was made of thin Swedish chrome-nickel steel 
plates of 125 kg/mm ^ ( 1 7 7 , 7 94 Ib./sa.in.) tensile stren^'th 
forming a box with point-welded joints- (Fi^;. 31.) With 
respect to the vibration strength, the flange material was 
very unfavorably affected by the welds between flange and 
web, which lay in a highly stressed part of the flange. 
Moreover, at this point of weakness, local stresses were 
produced by the transmission of forces at the junction 
points. Two tests were inade. 

a) Sntire spar 

The mass c i s t r ibut i on , bending line, inertia forces, 
dynarr.ic stresses and superposed static stresses due to the 
load factors n^ = 1.3 are represented in Figure 18. The 
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most' iri'r|:;ortant miinerical val'ieG ottained" d-u.ring the test 
are V.iven in Tatle III. 

The- "break In the lower flan^^'e" of the inner "bay near 
the strut f it t ing proceeded , as shown in Figure 31, from 
the r.iddle* of "the weld point a to the middle of the op- 
posit e- weid point,- A piece of the.Gtr-at fitting was torn 
"Off a't -the point of rupttire a. The t-npture of the v/eh oc- 
curred after that of the Glance It Is worthy of note that 
the hr esih occurr'fed; at the first weld v;hich joined the strut 
f ittih;2 ^-^^ flange- and; which then gc^ve rise to great 
stresses'. The flange breaking stresses were therefore 
quite small, despite the small number Of ' hreaking-load re- 
versals, as shown in Table III. 

b) Inner piece without overhang 

The • mount ing of the inner piece, (v^hieh was unharned, in 
the first test) as a beam on t wo " sr.pp or t s , is shown in l^ig- 
ure' 32 • " Since the stresses at the brea^ring point in" the 
f irst • test alt eriiated between -2.8 and 19-.8 kg/mm^ (28,153 
'lb . / s q . in. ) and therefore corresponded cios ely to the 
stresses of "^^ or iginal" s t r ehgth" (alternations between zero 
and a nas-ircum value) , the inner r^iece- wa's tested with re- 
spect to its "orit,irial strength. " Figure * 32 shows the cal- 
culation of the superposed sto.tic and dynamic stresses, 
which, through an appropriate choice of the suj;erposed stat 
ic load, fluctuated between zero and a maximum, vali'^.e. The 
principal numerical test data are given in Table IV. The 
beginning of the break 5s visible in Figure 2£. The brea--i: 
started at a weld,, which, however, joined only the web and 
flange and was therefore not affected by the ne ig]ibor ixig ^ 
welds. Although the material had a strength of 125 kg/mm 
(177,794 Ibi/sq . in. ) the break occurred in the first vi- 
bration-test after -only 432,000 "load reversals under the 
very snail alternating stress" of = + 11.3 kg/mm^ 

(t 13,07? Ib./sq.in.) and Cq ^ 8 . 5 'kg/mm ^ ( 12 , 0 90 1^-/ 
sq.-in.)' prelim.inary stress, and therefore at a total altf.r- 
natihg'-stres-. of -2.8 to 19.8 kg/mm ^(-3 , 933 to 23,133 lb./ 
sq.in.)- In the second v ibr a t io?i t est , the complete break 
occurred after 325,000 further load re'^ersals with an alter 
nating stress of 0 to 19 kg/mm.^ ( 27 ,,02 5 lb ./sq. in . ) (p'^J-i'e 
original stress). The two tests therefore agreed well, Th 
attained original breaking stress. O--^ of the spar, at the 
given' tensile strength ■ 0",^/ of 'the flange material - 
125 3ig/mm ^ (177,794 lb. /so*, in.') , wag' onl";- 
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1 9 CJ 

a = - = '(alDOut) 0-15 Qz 

^ 125 

2. Steel Spar II Criveted) 

This spar was made of the same thin Swedish chrome- 
nichel steel plates of 125 kg/mm^ tensile strength as spar 
I. The flange and weh and the fittings were joined hy 
rivets. Tv/o vi"bration tests were also made with this spar. 

a) Entire spar. The test arrangement is shoY7n diagram- 
atically in Figure 34. 

h) Overhang as "beam on tvzo supports. The overhanging 
part was not harmed at all in the first test. It vras also 
provided at the tip with a pin "bearing and mounted as a 
heam on statically determinate supports. Since the short 
piece of spar had too high a natural vibration numher for 
the test, it was weighted with masses of lead securely at- 
tached hy screws. The installation corresponds to Figure 8 
and the test resiilts are j lotted in Fi.^:ure 35; The princi- 
pal experimental results for the entire spar and for the 
overhang are given in Tahle V. 

The "breaking cross sections lay, in "both tests, at the 
point of the greatest alternation of tensile and compressive 
stresses. The shifting of the stress picture "by the super- 
posed static load in the first test was not very great and 
is disregarded in the following discussion. The two tests 
agree v/ell. The alternating "breaking stresses were: 

Test 1, - + 15.4 kg/mm^ (+21,904 Ih./sq.in.) at 700,000 

1 oad reversaXs « 

Test 2, a^,^ = + 15.0 kg/mm (+22,758 iD./sq.in.) at 58,000 
load reversals 

The endurance vihration strength was therefore still 

under 

^ - 15 a = 0.12 5 a 

125 z z 

With respect to the c r o s s- s ec t ional transition, the rivet- 
ing, etc., the spar was siivilarly huilt at "both "breaking 
cross sections. Hence the two "breaks look alike, as shown 
in Figure 35. Under the continuous flange, a reinforcing 
plate "began shortly before the row of rivets in which the 
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iDreal: occ-arred (first rivet row). The single rivet in the 
middle of the flange shows that the reinforcing plate con- 
tinues toward the right. It terminates therefore at the 
left near the three rivets. Hence the oreak also runs 
through the rivet edges of the main sectioxi-on the left. 
To the right of the rivets the main section was relieved hy 
the reinforcement. To the left, on the contrary, unfavor- 
ahle stresses v/ere produced at the rivet holes in the con- 
tinuous flange "by the transmission of the stresses to the 
reinforcing strip. Figure 37 shov/s the hre'ah which devel- 
oped e.qually in both directions from one of the three 
■'neighboring rivets. 

For the following reasons, the first rivet row affords 
excellent places for the dynamic breah and is the cause for 
the small alternating strength. 

1.. The reinforcing plate end^, in a smooth section 
crosswise to the longitudinal corrugations and does not ta- 
per to a point. It ends in full width at the firc".t' row of 
three rivets. The succeeding rivers are placed at longer 
intervals and are sta.:;t'.:er ed . The stress transmission from 
the continuoiis flange to the reinforcing plate therefore 
occurs chiefly in the first row of rivets. The first rivets 
are tav.s very greatly overstressed and there are very great 
stress concentrations in the vicinity of the rivet holes. 
The stresses in the continuous flanges concentrate, even 
^Tithout the f or ce transm-iss ion through the rivets, due to 
the effect of the holes on the rivet-hole walls. 

2. The arrangement of three rivets in one cross sec- 
tion is detrimental, due to the superposing of the stress 
concentrations. 

3. The riveting is defective, due to the profile 
curvature at most of the riveting points. . The flange sur- 
face is somewhat .im.paired b^-^ the i:.ressure of the sharp 
rivet edges, so that notch effects are to be feared. 

It is necessary to grpd-b!ate the stress transmission by 
tapering the end of the plate and to avoid riveting in the 
outer fibers of the flange corrugation^. It is sufficient 
to include the flange filling* in the staggered riveting. 
The reinforcing plates must then taper out to two points. 
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3. Steel Lattice Spars 

The spars described binder a and Id had plain wets. 
The diagonals of the lattice spars, on the contrary, were 
each attached to the flange with the aid of fittin£:s. The 
flange material had a tensile strength of 75 kg/mm^ ( 106 , 675 
Ih . / s q . in . ) • One of the three spars tested was mounted for 
the vihration test with a superposed static load correspond- 
ing to = 1.3. (Fig. 38.) Tahle VI gives the results of 
the four tests with the three spars, spar No. 2 having heen 
repaired after the first "break. Three forms of "breaks oc- 
curred, as shown in Figure 39. 

F A5is_t___f 0 r m . - The "breaks of spar 1,- Sh^ and 3 were 
alike. Hence only the "break of spar 1 is shown in Figure 
39a. The "break .occurred in the first rivet row of an over- 
lapped joint and is at t r ihut a"bl e to the same causes as in 
the case of the riveted steel spar II. (These plates were 
not originally present in the tested spars, "but were riveted 
on, after the spars had "been damaged in a static test. In 
doing this, there was no thought' of using these spars for 
the dynamic tests.) Despite the similar appearance of the 
"breaks, the "breaking stresses differed greatly in the three 
cases: 

Spar 1. + 4.6 kg/mm^ (+ 6,543 l"b./sq.in.) after 2.29 X 10^ 
load reversals , 

Spar 213.2. ± 3.2 kg/mm^ (+ 4,552 Ih./sq.in.) after 1.88 X 10^ 
load reversals (and 5.13 X 10^ load reversals 
with smaller stresses). 

Spar 3. + 2.4 kg/mm^ (+ 3,414 Ih./sq.in.) after only 0.46 X 
10^ load reversals. 

S e c 0 n d_f 0 r m . - The hrea.k of spar 2a (fig. 391:) "began at 
the first rivet of a Joint fitting. G-reat stresses natural- 
ly occur at the rivets of such a joint, but nevertheless the 
extremely small alternating "breaking stress of 3.1 kg/m.m^ 
(4,409 Ih./sq.in.) after only 2.94 X 10° load reversals was 
surprising. 

^li^iird _f 0 rm . - As shown in Figure 39c, the break of 2b ^ 
T)roceeded from an injury (bulge) resulting from a previous 
test. It is the only br.eak in all the steel-spar tests, 
which did not start at a rivet hole. At a high load-rever- 
sal number, the alternating breaking stress was 3 kg/mm ^ 
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(4,:-367 l"b . / sq . in . ) • Th-.e ratio of the alternating strength 

to the tensile strength of the material varied be- 

tween a V7 - 0 . 032 and o^^ - O.OGl and was there- 

fore very poor. 

4. Dnralumin Lattice Spars 

Two duralumin lattice spars, of the same- type- as the 
steel lattice spa'rs, were tested for the ir ' v ihrat iou\ 
•st r en£*:th . B'(J)th' "broke, as shown in Figur^-40, at the same 
pbin^t- in the- first rivet hole of a joint fitting (cf. fig. 
"39 , b) and under the same str esses 

" ^stat kg/inm"; a^^,^- ^ ± 1-. 8. kg/mmS 

one after 2.8 X 10^ and the other after 0.37 X 10" load, 
reversals. The -stresses attained are very small in compar- 
ison v/ith the tensile strength of duralumin of about ^ 
40 kg/mm^ ( 56 , 8 9-4 lb . / s q . in . ) . 

5. Wooden . Spar I wi th Spru.ce ?langes 

a)- Source and type of spar 

The spar investigated was taken from a biplane which 
in 1927. was sub j e c t ed. t o . a . Ca s e A breaking t est , in whicii 
the front spar was not da^iaged. Before • the' beginning of 
the test in March, 1930, it was removed from the wing, 
..which. had been 'kept till then in a hangar of the B.v.p. 
withou.t any sp ec ial pr o t ec t i on 

The wooden spar was of tiie standard box type. The 
flanges. were made < of • spruce and the webs of birch plywood 
v;ith diagonal direction of the -grain. Plywood with the 
grain parallel and x^erp endi cular to the spar axis was glued 
to the outside of both flanges. 

b) Results of the vibration test 

The t est arrangement -and results are shown in Figures 
24 and 41. The test results are given in Table VII. In 
this test the amplitude was increased in four stages, until 
.the break-occurred.. The s tr ess variat i on -al 6ng the spar 
for the lowest loading stage is ret^resented in Figure 41. 
The spar broke after a total of 1.95 X 10^ load reversals 
on th-e inner bay-' of: the lower 'flange in "the most highly 
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stressed cross section, at a point where the superposed 
static stresses were very small. The breaking cross sec- 
tion, which is very illuminating with regard to the dynamic 
hreal^ing of a wooden spar, is clearly shown in Figure 42. 

The hrea].!, beginning at a, has at first the charac- 
teristics of a smooth continuous hreak (as if cut with a 
saw) and gradiaally grows rougher to the other side of the 
spar and passes into the final static "break. The same phe- 
nomenon is also exhibited in the outer plywood layer. 

Before the "break the amplitude was about 10 cm (3.94 
in.) for the last dynamic loa':^ing stage ^i^ax ~ H • cm 
(4,49 in.). Shortly before the complete break, the ampli- 
tude fell to 8.5 cm (3.35 in.). This was due to the in- 
creasing ener.^-y absorption of the advancing break. Shortly 
before the beginning of the break, the flange stresses were: 

Unper flange, a '-^ -240 kg/cm^ (-3 , 414 lb . / sq . in . ) ( no break), 

210 kg/cm^ (2,987 Ib./sq.in.) 
Lower flange. O = 240 kg/cm^ (3,414 Ib./sq.in.) (break). 

-210 kg/cm^(-2 , 987 Ib./sq.in.) 

c) Ana.lysis of the results 

Since it appears that the results agree extraordinarily 
well with the expectation based on the durability of the 
material, they will be described here in detail. 

a) The durability of the material used.- The num- 

ber of load reversals, which a piece of material can with- 
stand without breaking, depends on the magnitude of the al- 
ternating stresses. According to recent tests of the al- 
ternating strength of wood, there is, with decreasing alter- 
nating stresses, a rapid and uniform increase in the number 
of load reversals v;hich the wood can withstand without 
breaking. Only when a certain alternating stress, the dura- 
bility, is not exceeded, will no break occur, even at a very 
high number of load reversals. The durability of a material 
has therefore certainly not been exceeded if the material 
has reached a certain critical number of load reversals. 
This number was fixed for spruce at n = 2 X 10*^ by the ma- 
terial section of the D.V.L.*. The durability of the ma- 

*0. Kraemer, " Dauerbiegever s^- che mit H&lzern." D.V.L. Re- 
port 190. Luf tfahrtf orschung , Vol. 8 (1930), pp. 39-48, 
and 1930 D,V.L. Yearbook, pp. 411-420. 
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terial.was already exceeded Tvith the vibration strength 

. = abo-ut £ .^30' >g/cm2 ■( + •3,271 1- h . / s q . in . ) at t a in ed in 
the vitrat i on eiidurance test of the spar at ' n = 0.135 X 
.10^ load reversals. The durahility aa. ^^^^ spar, ac- 

cording to the results obtained for spruce by the material 
••'division of the. Dt.V.-L-. , appeared to be about 20 per cent 
below "the at ta ir.ed vlbrat ion strength = + 230 k^'/cm^ 

(+ 3 ,271 Ib. /sq. in. ) at 0^ = + 190 .kg/ cm ^ "(+ 2 , 702" lb./ 
sq . in ..) • 

P) The compressive stren{:^th a\.^ of the flange ma- 

^.-^ZASlI. • The ■ mat eriaTs- we?e testeii in four gr oup a ~of ~"t en 
samples each*- The compression ciabes, with the dimensions 
given in I'ignre 44, were cut from. the spruce flanges as 
shown in Figure 43. The x^esults of th^ compression t^sts 
are indicated in Pigtire 44. The samples of group 2, meas- 
uring 13.5 mm (0.53 in.) on an edge without plywood,' yieldec 
the highest mean value of av^ ^ 439 kg/cm^ (6,244 Ib./sq.in, 
The strength of the samples^of groups 3 and 4 is diminished 
by the T)lywood.. Since, in the complete spar, the share of 
the plywood, in the whole cross section of th^ flange is. 
nearly the same.as in the samioles of .group 3, the compres- 
sive strength Ov = 420 kg/ cm ^ ( 5 , 9'?'4 Ib./sq.in.) will be 
taken as the basis for the further evaluations. 

Yi„_?.]^5_?il5.l3tur^ This, was deter- 

mined for' two gro^ips of flange plates of . about 7 cm (2.76 
in.) length both with arid without plywood. .In the drying 
oven both groups yielded a moisture content of 12 per cent 
which 'is regarded as normal. 

S c t e d _^an d From a and p 

we obtain 

420 Q-^^^- 

This agrees closely with the values of 0^ /0^. = 0.40 to 

0.45 obtained by Angstrom in bending spruce back and forth 
and with the values obtained by Kraemer, so that no impair- 
ment of the durability of the flanges resulted from the in- 
corporation of the m.aterial in the box spar (disturbance of 
the stresses in the ribs and "covering plates). 
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d) Summary of the results 

With continuous gluing which does not ' injure the ma- 
terial it could he expected that the endurance of the en- 
tire structural part would agree with the material tests. 
Since, according to recent material investigations, the 
durahility of spruce is aboiat 45 per cent of its compres- 
sive strength, the results of the tests of the structural 
parts agree very well with the expectation. This agreement 
shows that the method used, w^^ich gave such unfavorable re- 
sults for metal spars, is free froiA objections. 

6. Wooden Spar II with pine Flanges 

The structure of this spar was similar to that of spar 

I. It was tested in the unused condition. Its structure 

is s:?.own in Figure 6. The test results are given in Figure 
2 5 and Tahle VIII. 



VII . SUMMARY 



Experimental ap.paratiis and evaluation methods were de- 
veloped and tried for the execution of vihrat ion- strength 
tests with entire structural parts ooth with and without 
superposed static loading. Altogether ten metal spars and 
soar pieces and two wooden spars were subjected to vibra- 
tion breaking tests. The wooden spars showed no diminution 
in the durability of the flanges as compared with that of 
the material used. The durability of the metal spars, on 
the contrary, was only a fraction of the durability of the 
material, due to local stress concentrations, which were a 
multiple of the mean stresses involved. 

T.-ie good results obtained with wooden spars are at- 
tributable to the continuous cr o s s~ s ec t i onal transitions and 
force transmissions and to the glued joints which did not 
impair the material. The poor results of the metal spars 
were due to the detrimental stress concentrations at the 
abrupt cros s- sect ional transitions (fittings) in the first 
rivets or rivet rows and to the detrimental effects of the 
worhing of the material on its properties. 
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Further research is necessar:/' to determine how much 
the dynamic stren^-^th of the rnetal spars can he improved 
"suitahleconstrLictive me thods . Cor r e sp ending sys t ena t ic 
researches are "being instituted "by the D.V.L. 

Translated hy Dvright K. Miner, 
"Matidnal Advisory Committee 
forAeroneutics- 



TABLii. II. Wooden Spar II. Influence values 5^^ (deflect! ons) for making the calculation 

plotted in Figure 26. Deterrr.ined from static tests 
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TABLE II. (Cont^d) Wooden Spar II. Influence values 5.^^ (deflections) for making the 
calculation plotted in Pig-ure 26. Determined from static tests 
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TABLE III. Steel Spar I. Results of endurance tests with whole spar. Load reversals and 
stresses in the most -onf avorable cross section and in the "breaking cross section 
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Louver flange 



Up"oer flange 



Sreaking "ooint 
Tost 2 



Cross 

section 12 



> 
o 



s-3 
CD 
O 

H' 

O 
P3 



Time 



Min 



180 



450 



I :Mumcer ,Max, | 
Fre- ! of lampli-i Flange 
quencyj rever- jtude 

i sals j I 

^1 \ i-.^^ 1 

l/mm j i cm 



980 j 177,000 i 3.2 



980 



•4.44 
441,000 I to 
(until I 5.9 

f ailure)| 



upper 
lower 



Fla.nge stresses 



in max. stressed section 12 



S_t_8tig 

kg /mm 



! dynamic! 



su^Der^osed 



mm 



- 8.5 
+14.4 



i+ 6.6 



-12.5 j - 4.5 
+21.0 ! + 7.8 



upper 
lower 
upper 
lower 



- 8.5 
+14.4 

- 8.5 
+14.4 



i^: 5.5 I -14.0 ! - 3.0 

!+ 9.2 1+23.6 I + 5.2 

'T 7.3 1-15.8 - 1.2 

+12.2 1+26.6 +2.2 



Total reversals n = 618,000 



at Tioint of failure 



static! dynamiCi suoer-oosed 
~ — / — 2 r~/ — r— 2 1 ^ - — /— — 



k^/mm"j Kg /mm' 



kg/ 



mm 



-S,0 I- 4.1 r-13.l! -4.S 



+8.5 1+ 6.1 



-9.0 
+ 8.5 



IT 5.7 
+ 8.5 



+14.61+2.4 



-14.7! -3.3 
+17. Oi 0 



7.6 ! -16.6i+1.4 



—^.^ I -r I— xu.u -rx. 

+ 8.5 1+11.3 1 + 19.81-3.8 

Breaking stresses 



a> 

n 

o 



O 



a) 

CD 

00 



TABLE IV. Steel Spar I. Inner bay without overhang. Load reversals and stresses in the most 
unfavorable cross section and in the "breaking cross section 



Section 6 



! Lower flange 



Upper 
flange 



Point of 
failure 



Time 


1 

1 

Fre- 
quency 


NTimher 

of 
rever- 
sals 

n 


Max. 

ampli- 
tude 

a 


Flange 



Flange stresses 


in max. stressed section 12 


at 


Doint of failure 


S \J c 1 C 


dynamic 


superposed 


static 


dynami c j supe 


roosed 


kg/mm^ 




kg/mm^ 


kg /mnT 


/i- 2 — 


Min 


l/min 




cm 




i 


180* 


980 



177,000 





upper 
lower 


+ 5.3 
- 7.0 


+ 6.5 - 1.2 +11.8 
+ 5.4 '-3.6 -10.4 


+ 6.0 
-7.0 


+ 5.0 
^2.5 


+ 1.0 
- 4.5 


+11.0 
- 9.5 


450* 


980 


441,000 




upper 

lower 

upper 

lower 



+ 5.3 

- 7.0 

+ '^-^ 

- 7.0 


+9.0 - 3.7 +14.3 
+ 4.7 1- 2.3 -11.7 
+12.0 :- 6.7 +17.3 
+6.2 - 0.8 -13.2 


+ 6.0 
-7.0 

+ 6.0 
-7.0 


+ 7.0 
+ 3.5 
+ 9.3 
+ 4.6 


- 1.0 

- 3.5 

- 3.3 

- 2.4 


+13.0 
-10.5 
+15.3 
-11.6 


V 


1,400 


1??,C00 

' 


J. . «^ 


upper 
lower 


' — ^ 

0 


+ 6.8 !+ 6.8 - 6.8 
+ 4.1 1- 4.1 + 4.1 


0 
0 


+ 6.2 
+ 3.7 


+ 6.2 
- 3.7 


- 6.1 
+ 3.7 


37 ! 

! 

1- 


1,400 



51 , 800 



' 1 

1.6 



1 — ' 

upper 

lower 


+10.0 
- 6.0 


+ 7.3 i+17.3 + 2.7 
+ 4.3 1-10.3 - 1.7 


+ 9.3 
-5.5 


;i- 6.6 ;+15.9 
+ 3.9 1 - 9.4 


+ 2.7 
- 1.6 


60 


1,400 


84,000 


2.0 


upper 
lower 


+10.0 
- 6.0 


+ S.l i+19.1 + 0.9 
+ 5.4 -11.4 - 0.6 


4- Q % 

-5.5 


+ 8.2 1 + 17.5 
+4.9 -10.4 


1 

- 1.1 

- 0.6 


35 


1 

1,400 


1 ' 

49 , 000 
(until 


' 1 

2.1 

to 
2.35 


upper 
lower 
upper 
lower 


+10.0 

- 6.0 
+10.0 

- 6.0 


+ 9.6 :+19.6 + 0.4 
^ 5.7 1-11.7 - 0.3 
+10.7 1+20.7 - 0.3 
+• 6.4 1-12.4 + 0.4 

i 


+ 9.4 
-5.5 


!+ 8.7 1 + 18.1 
5.2 i -10.7 


+ 0.7 
- 0.3 


+ 9.3 !+ 9.7 j+lS.O 


- 0.4 


-5.5 !+ 5.8 1 -11.3 

i ! 1 


+ 0.3 



m 

o 



»-3 
CD 
O 



O 



CO 

o 



o^ 

00 



00 



*Load reversals and stresses suffered "by middle section of SDar in first test. 



TABLE V. Steel Spar II. Whole spar and overhang. 
Load reversals and stresses in "breal-ring cross section. 




^ax=2.5cni 



Test 


J're- 
cuency 

l/min 


Niiiriber 

of 
rever- 
sals 

10^ 


aiTipli- 
tude 

a 
c m 


Flange 

1 

■ 


- ■■- ■ ■- ■ — 

Breaking cross section 1 


Breaking cross section 2 


i 1 

statiCi dynamic 1 superoosed 
kg/nim^i kg/rom^ j kg/mm 


&tf>tic 
kg/mm 


1 

dynami c j supe r p o s e d 

2 1 / 2 
kg/mm 1 kg/mm 


Whole 
spar 


940 


2 . 15 

1 


2.5 


Tirper 
lo?:er 


/ 

-8.6 +9.0 
+1.6 j ±8.1 


-17.6 
+ 9.5 


+0.4 
— 6.5 


-11.4 
+11.4 


15.2 
±5.2 


-16.6 
-16.6 


-6.2 
+6.2 


925 


0.70 


4.4 


uor^er 
lower 


-8.6 +15.4 


-24.0 


+6.8 


-11.4 


+8.9 
±8.9 


-20.3 
+20.3 


-2 .5 
+2.5 


+1.6 


±13. S 


+15.5 


-12 .5 


+11.4 


piece f 

of 1.^00 

s-par 1 


! 

0.058 

i 


1.6 


upper 
lower 






— ' 


! 
1 


T16.0 
±16.0 







!2J 
O 



O 
O 



CD 
O 

0) 

b 

O 



CO 

OD 



CD 
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TABLE VI. Steel Lattice Spars 
Load reversals and breahi_i^2>' stresses. 
Location of "breakint? point. (Fi^;. 39.) 



Spar 


Load 
rever- 


Stresses 


in "brea: 


■:ing sect ion 


j Breaking oint 

I , ' 


n^aT?:\ber 


sal s 


static 


dynainic 


sup erp 0 s ed 


[Location 


F ictiir e 




10^ 


k£; / mm^ 


kg / mm*^ 


kg/ mm"' 






1 


2.29 


-0.1 


+ 4. 6 


+ 4 . 5 
-4.7 


1 r 1 a t e 

t-'- 


a 


2a 


2 . 53 
0 . 314 




+2.4 
+ 3-1 

"break 1 


iDreak 2 


j joint 

r \ 


13 




2 . 9 




+ 1.7 


+ 1 . 8 


i 




2t 


2.23 




+2 . 1 


+ 2 . 3 








1 .88 




+ 3.0 


+ 3.2 


i2) plate 
il) in 

i-- ^L^. 


like a 
c 


3 


0 .45 




+2.4 




i plate 


like a 


Br eaks 


1 and 2 


oc curr ed 


s irrral t an eoi\ s ly in s 


par 21). 





TABLE VII. Wooden Spar I (Spruce). Load reversals and stresses in "breaJ'irig cross section 



Time 
T 

min 


Frecii;.enc7 

l/min 
1 


Niim.'ber 

Of 

rever- 
sals 
n 


Max. 

Sampli- 
tude 

a 
cm 


Flange 


creak:ir 

static 
kg/ cm 


:e stress 
1^ cross 

dynamic 
kcg/cm 


es in 
section 

superposed 
kg/ cm 


Tem- 
"oer- 
atiu^e 

0.--I 


Relative 
humidity 
01 air 
per cent 


prelim- 
inary 
test 
96 


1,020-1^30 


a'b out 
1.03X 
10^ 


1 


upper 
1 ower 


- 


- 


! 

i 

i 

1 i 1 


- 




1,005 


1,120 


/11.25X 
10^ 


3.85 


upper 
lower 


-15 
+15 


7- 

± 75 


- 90 i + 60 

+ 90 ; - 60 

\ 1 




4 to 9.4 


62 to 76 


565 


1,060 


6.00 X 

10^ 




6.40 


upper 
lo'.7er 


-15 
+15 




+125 
±125 


-140 j +110 

+140 : -110 


7 to 12. E 




62 


130 


1.0.5 


1.35 X ( 

105 1 


11.40 


upper 
lower 


-15 

+ 15 


4225 
±225 


-240 ' +210 
+240 -210 




63 



Total reversals: n 19,63 x 10 



TABLE VIII. Wooden Spar II (Pine) Load reversals and stresses in breaking cross section 



mm 




Bend .n^ lines 



Test 


load 
-A 


Max. 

arrpli- 

tude 

a 

r:ax 
inm 


i Number 
Fre- i of 
quencyi rever- 

I sals 
" ' i n 
l/min !lO^ 


1 
1 

Flange } 

! 

i at ri 

i f f S i 

1 kg /cm 


1: 6 

dy nami c 
kg /cm 


Max. s 

at r 
static ' 
kg/ cm^ 


j 

tresses 

ib 8 1 
dynamip 
kg/ cm"^ 


at ri 
static 
kg / cm-^ 


b 15 

dynaini c 
kg/ cm^ 


Remarks 


2 


, 1 


44 




L,075 


3.0 


upper j + 72 
lower i - 63 


+109 
± 54 


+ 44 
- 59 


+ 96 
± 66 


- 55 
+ 75 


+ 24 
± 33 


no break 


3 




66 


1,075 


2,024 


1 

upper j +110 
lower ! - 96 


+1'53 
t 81 


+ 67 
- 90 


+144 
t 99 


- 85 
+115 




4a 


1 1 

2.6 


80 




1,075 


1,946 


upper 1 +143 
lower 1 -125 


+198 
+ 99 


+ 87 
-117 


+175 
±120 


-110 
+149 


^~x"^^4 \ 

T " ; no "break 
Z 59 X' 


4h 


2.6 


90 


1,035 


2,534 


upper 
lower 


+143 
-125 


+207 
tl03 


+ 87 
-117 


T182 
tl25 


-110 
+149 


If: 46 
± 68 


(Break 1 
near unbalance 
shortly after 
beginning of 
test . Break 2 
occv-rred im- 
mediately aX- > 
ter repairing. , 


4c 


2.6 


110 


1,020 




upper 
lower 


40.43 
-125 


q£45 
±122 

1 


+ 87 
-117 


+216 
+148 


-110 

+ 149 


+ 54 
± 73 


©roke at be- 
ginning near 
unbalance .) 



o 



CD 

o 

O 



CD 

B 
o 
*i 

B 



en 

CD 
CD 



CO 



cr;o 

«/♦ "D 
-n 
O 
Q- 

(0 : 
o 
o 3 
■o 
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Figure 1. -Double unbalance 




Figure 2.-Vibrating spar tip with 
superposed static load. 
Spar I. Exposure, 1 sec* The am- 
plitude is read on the test 
wedges, outwardly 5.4 cm(2.13 in.) 
Superposed static load at rest. 



Figure 5a. -Suspension 
device for 
superposed static load* 




Figure 9 .-Piece of spar as beam 
on two supports. 
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Figs. 3, 4 



AiTiplitude line 2 reduced to the maxiniuni value 
of the optical aiirplitude line 1. 



.--10 




Figure 3 . -Comparison of iDending lines in vil^ration, as measured test 

wedgGS and optographs. Steel spar I. Inner field. 
1, OlDtained with test wedges. 

2,3 vYith optogra-ohs 'before "heginning of "breaii. 
4,5 " ' " after ' " ' " " . 



15C|~- 
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I 
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M 
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n 

-/! 

/ I Load-elongation line 

l-\ Tangent for test load 

I Load elongation line 

according to endurance 
test. 



0 20 40 60 80 
Elongation/* 



Figure 4. -Load- elongation line of the ruVoer cord used for the super- 
posed static load. Diameter 17 nni (0.67 in.) ITuinDer of strands 
800. 
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Figs. 513, 6 



H 



ll Vri-.|:-_.4/ \ 



s 



M 

< — 

t = 0 



Zero line H 



—Zero line M 



t = 



2tt 

V 



figure o'b.-Liagrani of the vi"bration phenomenon. 



^ a, Dia^^ran of spar 
^^^12 3 4 5 6 7 8 '9 10 11 



0..-+ 1 

CO 



I — \ — J — I — i — t-.. -I 



^" strut 



h, Vibration "bending line 



.... r-^-cv... 

? 'd 1 1- 

j c, Superposed static load and additional loads 
'■ -Additiona^l load 

y. 

---:^r;;:{.Adaitional load 




! i 



! 



Preliminary load 



d, Additional loads in 4) of superposed static load 



•d 0 

g ^ 1 

•"J .H O 

.S 71 '-'4 



\ 



?igare 5 .-Additional loads due to the stiffiiess of the 
rulioer cord. V.'ooden spar II. 



Figure 7.-Vitration test wita 8uper]708ed static load. Wooden 

spar II (vibrating). Double unbalance at the left 
and behind it the direct-current motor with tachometer. 



Fig.8 - 
Vibra- 
tion 
test 
with 
super- 
posed 
static 
load. 
Elek- 
tron 
spar 
(vibra- 
ting). 
Single 
unbal- 
ance at 




the end bearing on the 1 




Figuie 10- 
EnduraJxce- 
test 

apparatus 
for 

St rue - 
tural 
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Figs. 11, 12, 13, 14, 15 



I 





Fi^nire 14. 
Vibration 
device in 
operation. 
Apparatus 
for test- 
iri^ a 

spherical head 
bolt. 

Arrangement 
with super- 
posed static 
load{ orig- 
inal strength} 




Fi^re 11 
Pendulum 
support 
with two 
scratch 
iiistru- 

rrents for Figure 12.-Fom-.er endurance-test 
Treasuring apparatus. Two struc- 

the vibra- tural parts are being tested 
^^^^^ sirnultaneously , A spar fitting is 

forces in rrounted at the support A- (See 
the support Fig, 13) A connecting rod is mo^ur.t- 
ed at P, 




Fii;ure K^.-A con^ffct- 
in^ rod is rr.ounted at 




Figure 15. -Test results with the vibration apparatus. Breaks of bolts with 
spherical heads, a. Break on an airplane in flight, b, Break from simple 
alternatir^: loading in laboratory, c, Ereak produced in vibration test of 
original strength in leborAtory. 
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Pigs. 16, 19. 21. 22 




Figure 15-3teel spar I. Static-test 

inatallatiDn. Leveling 
instrouient 3, measuring strips, 
tenso-ieters. 




1/ \l\ , 



1 



Figure 19, -Steel spar I, Scrafc^h- 

in3trajn-3:it recorl. 
Ma.?iilfi3atiDn 150 fold. 




Figure 21 .-Connect I ng-rod test. 

Scratch recorl. 
Magnification about 130 fold. 
1 mrn « a force of 630 icg in 
comiacting rod. 



4^ 
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Figs. 17,18 



><•• '■ ->l oC cm 



331 cm' 

^ \hib al ance -^(^^ ■ 'J- 20 



355 c a >; 

553 cm - H" 



[.Scratch, instruinents 



figure 17.- Steel soar I. Installation for vihro.tion test with 
scratch- instrument measvLroii^ents . 
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(o) Vihration bending 
line (= accelaea^ 
tion line) 



(c) Inertia forces for 
4- "bending line with 
'^ma-.:.= cm(1.73 
in^ir 



A> Lower-flange stresses 
B, Upper-flange stresses 

(d) Ivloiaents and flange 
stresses from 
dynaifiic load for 
-f ■bendin{r line with 
a r: 4.4cm(l.73 
inVj 



Figure 18.- Steel spar I. Test results. Detormination of accelerations 
and dynamic stresses. •■.u =980/iiiin. a.yr^Q^^= 4.4 cm(1.73in.) 
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Pigs. 20,23 

X, Added lead masses 
Y, Preliminary load 
Z, Un'balance 

(a) r/eight distri"buticn 
aloiLv^ the loading 
lever, a,nd points 
of application Y 
of the v/eight of 
the guides (each 5 kg) 

'^b) Comparison of 

w^.igiits and indi- 
vidual loads. 



(c) Bending line 
(iueaisurod) 



• k-- 



P co ! 
100 i 

03 150 

;'^oo 



--•b= SOOcm- 



o 



+3 

g i-250 



cm 



(d) Inertia forces for 
"bending line 



Figure 20.- Endurance test of a connecting rod. Determination of 
the inertia forces from the "bending line of the lever. 

LU= 560/.-:in. 



Bending :.ieasarement,s, Sca.l^^ I'.co 



/prri I f ! i i . I , I nftfrrrrffiTnTrriTi T 

'-^''2 e 10 14 is 22''''^26 30 34 



Elongation ixieasurements 1111 '^Hu-.^-enber-^: tensometer 
pEI^^E^^^'^^^-S^^^ flange 
Li 12 2 4 5 6 7 8 l9 10 11 
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^[ 12 3 4 5 6 7 8 

Amplitude measurements 1:13 . Amplitude meter 

2 3 4 5 5 7 ^ 10 12 13 " 

■.'<e^ ^ jjjfc- ^qi^' 



/ 



I II .1 III 

I - .'.II are t^ie "oarailel spar gaides. 



l]'igure 23.- T/ooden spar I. Arrangement for static and dynamic 
tests. 



Reproduced from 
best available copy. 
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(a) Load distri'b-ution, preliminary static test. 
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(b) Comparison of 
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Vibration test. 
Checking of the inertia- 
force calculation by cal- 
culating the vibration 
bending line from, the inertia 
forces and the experim.entval 
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•\U;Inertia forces (-bending line.) 
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(e) Vibration bending 
1120/ 



line for 
min . 



5I-I = 17.? V, ^^.^ 
kg II = 24.1 

kg u/2 =23.8 
kg 
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10 (li) Comparison of bending 
i ^'^■""^'•'^-^ lines. 
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Fig. 2d 
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(n) Pl.-^n for super- 
posed static load. 
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(d) Mass distribution 
(calculated) . 
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Fig. 25 Wooden spar II. Static and dynamic 
Determination 01 stresses. 
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Figs. 26,27,29 
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Yig. 26 Wooden spar II • Vi'brations "bending 

time. M — measured. R - calculated 
from inertia forces and influences values (Table II ) 
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Fig. 29 Steel spar I. Variations in the araolitude 

after t-.ie ^..er/inning of the Vrerik. Evaluation 
of an opto/-:raph reccrd. 
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Figure. 28-3teel spar I. 
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Figure 31 
Steel spar 
Fatigue 
brealc of 
flange, 
beginning at 
a weld of 



Figure 33 
I. Steel spar II- 
Vibration 
test. 
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Fig. 34 
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Figure 24.- Steel spar II. Static ar^-d dynninic loading. Determination 
of bending stiffness and stresses. 
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Fig. 35 
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g, Parallel 
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(Id) Mass distri"bution(calc-alated) 
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Fig. 35 Steel spar II, Overhang as beam on two sun^ports, 
Pure dynamic test. Stress determination. 
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FlgB. 36, 37, 38, 39, 40, 42 




Fig. 37 
Steel 
spar II. 






rig. 42 

Wooden 
spar I 



Fig. 39 




Reproduced from 
best available copy^ 



N.A.CA. Technical I^'einorandwn ITo. 698 Fig. 41 



(a) foments and flan^;e stresses due to 
the superposed static load* 
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(b) "iviOiTients and flange stresses due to 
s;oar vilration (-v tending line). 
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Fig. 41 Wooden sioar I. Dynamic stresses and superposed 
static stresses at o'j ^ 1120/min and a^^.^x - 2*85 
(Fig. 24). 
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Figs. 43,44 
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Pig. 43 v:^ooden spar I. Location 
of compression cuLes cut 
from flange. 
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Compressive strength 
Fig. 44 Wood spar I. Compressive strength of flange material 

(from compression cules). The ntimbers at the left 
show how many of the ten samples attained the corresponding 
compressive strength. 



